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Synopsis
Seasonal difference of thermal sensation was analyzed based on the measured metabolic rate. The metabolic
rate avera~ed for thre~ measurements more than 60 minutes after the entrance changed between 46.0 W/m2 and
57..3 W/m f~r a year m our weekly m~a~urement in a climate chamber of identical condition throughout a year.
This study SImulates the seasonal vanatlon of heat balance between human and its environment and thermal
sensation by using the time series of the measured metabolic rate. Calculated total thermal load changes 5.64
W/m
2
in a year and its seasonal difference is 33.9 % fOT the same thermal condition in a year. Thermal sensation
changes 0.55 unit on ASHRAE seven-point scale and its seasonal difference amounts to 44.3 %. If seasonal
difference of metabolic rate reaches twenty percent as former study of Sasaki shows, thermal sensation changes
1.20 unit in a year.
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1. Introduction
In heat exchange between human and its environment, metabolic rate is one of the important human factors
that effects human thermal sensation. In heat balance equation, heat loss by skin diffusion and heat loss by
evaporation of sweat secretion can be expressed as a function of metabolic rate. Latent and dry respiration heat
loss can be proportional to the metabolic rate. Mean skin temperature can also be a linear function of the
metabolic rate.
The seasonal variation of 9.5 percent in metabolic rate was found in our measurements at an interval of a week
through fourteen months for a Japanese male student in a climate chamber of identical condition. We also showed
about seven percent of the seasonal difference for three Japanese male students between February and September
in another measurement. In these experiments the metabolic rate was recorded. The temperature of the climate
chamber was kept 26°C clothing, meal before measurement, time zone were set identical for all the experiments.
In designing of indoor climate, seasonal difference in metabolic rate has been neglected. But if it exists, set
point temperature could be changed by season and it is rational to introduce it into air conditioning design in order
to reduce consumption of energy.
2. Experiment
A male college student aged twenty-one offered to attend the experiments every week over fourteen months.
His height was 167.0 cm and averaged weight for the experimental period was 56.2 kg that was about an averaged
physique of young male Japanese. The experiments were carried out in Kyoto. The subject was born and brought
up near Kyoto city and had lived in Kyoto for more than four years. He had little experience of physical training.
Daily mean outdoor temperature measured at meteorological observatory in Kyoto was used as the outdoor
temperature.
The time schedule was fixed for the all experiments. At 13:30 the subject entered a climate chamber about 90
minutes after an intake of a meal of fixed menu of 560 kcal. For all seasons the climate chamber was kept 26 t
and 50% relative humidity. It was because the value of 26°C was calculated to be around the point of heat
balance between he and his environment. He sat sedentarily and his clothing ensemble was estimated to be 0.32
cIa.
Metabolic rate was measured by Douglas bag method, by using the volume of expired gas gathered for three
minutes and the fractions of carbon dioxide and oxygen by the following equations.
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M / A = (0.23Vcoz / VOZ + 0.77) X 5.88VOz
VC02 = Vex(FC02 - 0.0003) (1)
V02 = Vex[(l- FC02 - F02) /0.7904
x 0.2096 - 0.0003)]
where M is metabolic rate in W, A is human body surface area in m2, Vex is volume of expired gas in liters per
hour measured through a wet type flow meter and converted into the standard condition of 0 oC and 1013 hPa.
VC02 and V02 are volume of carbon dioxide and oxygen consumption in liters per hour at standard conditions
respectively, and FC02 and F02 are fractions of carbon dioxide and oxgen in expired gas in percent respectively.
Human surface area A was estimated by
A = kWO·425 HO.725 (2)
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where W is weight in kg, H is height in cm and k=0.007246 for Japanese by Takahira in 1925.
Seating metabolism was measured in this study in order to be applied to air conditioning design, although basal
metabolic rate in bedclothes without control of the ambient temperature was measured in other studies in general.
Thermal sensation was voted on a linear rating scale with seven graduations. The subject could vote anywhere
he felt suitable. The scale was graduated cold(-3), cool(-2), slightly cool(-l), neutral(O), slightly warm(+I),
warm(+2) and hot(+3) at an identical interval.
Thermal sensations were voted four times at an interval of thirty minutes since thirty minutes after the
entrance in a chamber. After each voting expired gas was gathered.
Experiments were operated at an interval of a week as a rule with several breaks when the subject was not
convenient. Even if he could come, the measured sets were neglected when he was in such a bad condition as
cold.
3. Experimental results
Measurement sets of forty-nine experiments were judged to be valid and for blank weeks averages of before
and after them were interpolated. As a result, sixty data sets were obtained from November 30 in 1998 to February
9 in 2000.
Moving average method was introduced in order to filter the measurements. Sixty data were averaged by the
ratio of 1:6:15:20:15:6:1 with the seven data before and after. The moving averaged fifty-three values were gained
as a result of this procedure and the last two were abandoned. Finally moving averaged fIfty-one values for a year
came out. Furthermore the trends were deleted with a least squared method where they are assumed to be a linear
function of time.
Figure 1 shows seven week moving averaged daily mean outdoor temperature by meteorological observatory.
The daily mean outdoor temperature in Kyoto changed between 4.6 oC and 28.7 °C and averaged to 16.1 t
and the standard deviation was 8.3 °C.
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Figure 1 Daily mean outdoor temperature
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Figure 2 (a) Change of metabolic rate in an experiment
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Figure 2 (b) Change ofthennal sensation in an experiment
Figure 2 shows the comparisons among four measurements in an experiment from the frrst to the fourth for
metabolic rate and thermal sensation. Four values in an experiment had similar tendencies of variation but the frrst
measurements sometimes differed from the others. In the following analysis the average of the second, third and
the fourth measurements, i.e. after more than one hour passed since the entrance were used.
In Table 1 the means, the standard deviations and the seasonal differences of the moving averaged values are
listed. Raw data \vere moving averaged and trends were removed by the methods mentioned before. The moving
averaged metabolic rate without trend changed between 50.2 and 55.2 W/m2 and its seasonal difference was
9.5 %. The range of the seasonal variations of seating metabolism was agreed with the results of former
measurements on basal metabolism such as Sasaki (1977) and Shimaoka et al (1984).
Figure 3 and Figure 4 shows the fluctuations of measured metabolic rate and thermal sensation respectively.
The metabolic rate was higher in winter and lower in summer and its seasonal tendency agreed with the
former studies on basal metabolic rate. The metabolic rate looked like going ahead of the outdoor temperature
about two months, although in October the metabolic rate decreased again and at the end of October it had a large
trough.
Table I Seasonal variation of the measured data
Mean SD lvfin Max Diff.(O/o:
Measured metaoolic rate Raw 52.2 2.5 46.0 57.3 21.7
(W/m2 ) Mov. A v erage 52.3 1.3 50.2 55.4 10.0
Trend Removed 52.3 1.4 50.2 55.2 9.5
Measured thennal sensation Raw 0.24 0.42 -2.10 1.74 118
Mov. A v erage 0.24 0.30 -1.14 1.32 75.9
Trend Removed 0.24 0.27 -1.20 1.02 69.1
Outdoor temperature Raw 16.1 8.6 3.3 30.2 167.2
(C) Mov. Average 16.1 8.3 4.6 28.7 150.2
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Figure 3 Measured metabolic rate
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Figure 4 Measured thermal sensation
The thermal sensation changed between -1.20 and 1.02 although the mean was 0.24, almost neutral in the
warmer side. Thermal sensation was in the 'cooler' side in summer and in the 'warmer' side in winter in a climate
chamber kept 26°C throughout a year. At the beginning of August, the trough of the thermal sensation and the
peak of the outdoor temperature coincided. The deviation of the sensation from the mean was larger in summer
than in winter. The seasonal difference of thermal sensation reached to approximately seventy percent.
4. Simulation
On the basis of the time series of measured metabolic rate, time series of heat losses by different courses,
thermal load on a human body and Predicted Mean Vote were calculated. Heat balance equation is expressed as
following, if external mechanical work is assumed to be zero and all of the metabolic heat is assumed to be
converted into internal body heat production.
L = M - Ed - Es - Ere - ere - R - C (3)
where L is total thermal load, M is internal heat production per hour per unit body surface area, Ed is heat loss by
skin diffusion, Es is heat loss by evaporation of sweat, Ere is latent respiration heat loss, Cre is dry respiration heat
loss, R is heat loss by radiation, and C is heat loss by convection. Each term is expressed in W1m2, heat per hour
per unit surface area. Ed, Es, Ere, Cre can be expressed as a function of internal heat production M as following.
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Ed=3.05.10-3(5733-6.99M-Pa) (4)
Es = 0.42(M - 58.15) (5)
Ere = 1.7.10-5 M(5867 - Pa) (6)
ere =0.0014· M(34 - ta) (7)
where ta is air temperature and Pa is vapour pressure in ambient air.
The thermal sensation vote is predicted by the following equation by using total thermal load and internal heat
production.
Tsens = L[0.303· exp(-0.036M) +0.028] (8)
Seasonal variations of the calculated heat loss and predicted mean vote based on the measured metabolic rate
are listed in Table 2. Seasonal change of total thermal load is 5.64 W/m2 and its seasonal difference is 33.9 %.
The calculated thermal sensation changes between -1.48 and -0.94 and its seasonal difference is 44.3 %. The
largest term in seasonal change is heat loss by convection. It is amounted to be 0.53 W/m2 while that of total
thermal load is 5.64 W/m2. On the other hand seasonal change of heat loss by skin diffusion is 0.11 W/m2.
Table 2 Seasonal variations of the calculated heat loss and predicted mean vote
Heat Loss (W1m2) Total Predicted
Radiation Convection Skin Respiration Load Mean
Diffusion latent dry (W/m2) Vote
Mean 21.33 32.14 11.23 3.72 0.59 -16.66 -1.24
SD 0.12 0.15 0.03 0.10 0.02 1.59 0.16
Max 21.52 32.37 11.27 3.92 0.62 -13.45 -0.94
Min 21.09 31.84 11.17 3.57 0.56 -19.09 -1.48
Diff.(%) 2.0 1.6 0.9 9.5 9.5 33.9 44.3
Max-Mean 0.19 0.23 0.05 0.20 0.03 3.21 0.30
Min-Mean 0.25 0.30 0.06 0.15 0.02 2.43 0.25
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Figure 5 Calculated heat loss by respiration
In Figure 5 the variations of heat loss by respiration calculated based on the measured metabolic rate are
shown for latent and dry heat. These are proportional to the metabolic rate as equation (6) and (7) show and
seasonal variations are 9.5 percent. The sum of increase of latent and dry heat loss by respiration is 0.23 W/m2 in
winter and 0.17 W1m2 in summer.
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Heat loss by sweat evaporation is supposed to zero because the measured metabolic rate was less than 1.0
met throughout a year. It has been confmned that there is seasonal change in characteristics of perspiration and
sweat secretion become prospering so that heat loss by evaporation of sweat increases in summer. In this
calculation, however, the seasonal change of physiological characteristics on perspiration is not considered and
there is no heat loss by sweating. It is because if sweating set in below the metabolic rate under 1.0 met in summer,
the heat loss is larger in winter and smaller in summer in equation (5). This opposite direction of heat loss in the
measured val~e and the calculated one might underestimate the seasonal difference in the calculated total thermal
load.
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Figure 6 Calculated total thermal load
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.Figure 7 Calculated thermal sensation
Figure 6 shows seasonal variation of the calculated total thermal load by equation (3). The absolute total
thermal load is smaller in winter and largest in summer.
Figure 7 shows calculated thermal sensation on the basis of measured metabolic rate by equation (8). The
calculated thermal sensation is always in the cooler side and the mean is -1.24. On the other hand, measured
sensation shown in Figure4 changed around neutral sensation and varied from -1.20 to 1.02. The tendency that it
is felt cooler in summer and warmer in winter is similar, but seasonal variation is larger than the calculated
sensation. This disagreement might be caused by ignoring the seasonal characteristics of perspiration.
Figure 8 shows seasonal change of thermal sensation when seasonal change of metabolic rate is 0, 5,10,15,
20 percent for 26 oC, 50%RH, 0.32clo. Seasonal change up to 20 percent is considered because Sasaki (1954)
noted that seasonal change of basal metabolic rate for Japanese amounted to 21.2 percent in 1950. He attributed
the large difference because of the composition of food in those days. In measurements after 1960's seasonal
difference shrank to around 10 percent for Japanese.
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Figure 8 Seasonal change of Predicted Mean Vote
caused by seasonal change of metabolic rate
Yearly mean of the metabolic rate is put 0.90 met for all five changing rates to be agreed with this
experimental results. In the figure each 'summer' bar shows the minimum metabolic rate and each 'winter' bar the
maximum metabolic rate for a year. Thermal sensation changes 0.58 unit in seven-point scale for the seasonal
change of 10 percent in metabolic rate. It changes about 1.20 unit for the change of 20 percent in metabolic rate.
5. Conclusions
Seasonal differences of heat losses in different courses, total thermal load, and thermal sensation were
calculated on the basis of weekly measured seating metabolic rate under identical thermal condition for a year for
a subject. Experiments were carried out in a climate chamber kept 260C and 50 %RH with clothing of 0.32clo.
Experimental data were moving averaged and trends were removed. Metabolic rate measurements after one hour
passed since the entrance the chamber were used. The following are the conclusions.
(I)Measured metabolic rate changed between 50.2 and 55.2 W/m.2 and its seasonal difference was 9.5 % in a year.
(2)The range of seasonal difference of metabolic rate when seating was same as basal metabolic rate.
(3)Metabolic rate and thermal sensation after more than one hour since the entrance the chamber changed little.
(4)Calculated total thermal load by using the measured metabolic rate changed between -13.45 and 19.09 W/m.2
and its seasonal difference was 33.9 %.
(5)Calculated thermal sensation changed between -0.94 and -1.48 and its seasonal difference was 44.3 %.
(6)If seasonal change of metabolic rate amounted to twenty percent as Sasaki measured formerly, thermal
sensation are calculated to change about 1.2 unit in seven-point scale.
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